This paper proposes an actively clamped two-switch flyback converter. Compared to the conventional two-switch flyback converter, the proposed two-switch flyback converter operates with a wide duty cycle range. By using an active-clamp circuit, the proposed converter achieves zero-voltage switching for all of the power switches. Zero-current switching of an output diode is also achieved. Thus, compared with the conventional converter, the proposed converter realizes a higher efficiency with an extended duty cycle. The performance of the proposed converter is verified by the experimental results with use of a 1.0 kW prototype circuit.
I. INTRODUCTION
High switching frequency pulse-width modulated DC-DC converters have been widely used for switch-mode power supplies [1] - [8] . Among these converters, the flyback converter is most popularly used because of its simple power circuit structure [9] , [10] . However, the conventional flyback converter is limited by high switch voltage stress [11] , [12] . The two-switch flyback converter shown in Fig. 1 uses an additional switch and two clamping diodes to overcome the drawback of the conventional flyback converter [13] . The two switches S 1 and S 2 are turned on and off simultaneously. The two clamping diodes D C1 and D C2 clamp the voltage across S 1 and S 2 by the input voltage V in . The energy stored in the transformer T is recycled to the input side through the clamping diodes D C1 and D C2 [14] . However, the conventional two-switch flyback converter operates under a hard-switching condition [15] , [16] . The energy stored in the leakage inductor L lk causes voltage spikes when S 1 and S 2 are turned off. The voltage spikes increase the switching losses and consequently decrease the power efficiency. Moreover, the duty cycle of the conventional two-switch flyback converter is limited to 0.5 because the demagnetization of the transformer should be guaranteed [17] . The narrow duty cycle range limits the practical use of the two-switch flyback converter.
To address these problems, this paper proposes an actively clamped two-switch flyback converter. Fig. 2 shows the circuit diagram of the proposed converter. The proposed converter has auxiliary switches S 3 and S 4 and one clamping capacitor C c . By using an active-clamp circuit, the proposed converter extends the duty cycle of the converter. With the help of the clamping capacitor voltage V c , the transformer can be demagnetized for the duty cycle from 0 to 1. Furthermore, zero-voltage switching (ZVS) of all of the power switches is achieved. Zero-current switching (ZCS) of an output diode is also achieved. Given that the proposed converter operates under soft-switching conditions, this converter can better improve the power efficiency compared with the conventional converter. The operation principle and converter features are described with simulation verifications. The performance of the proposed converter is verified by the experimental results with the use of a 1.0 kW prototype circuit. Compared with the conventional converter, the proposed converter improves the efficiency by 1.5 % at the rated output power. Fig. 3 shows the operation modes of the proposed converter during one switching period T s . The converter has five operation modes during T s . Fig. 4 shows the switching waveforms of the proposed converter during T s . Fig. 4(a) shows the switch voltages V S1 ,V S2 , V S3 , and V S4 and switch currents i S1 , i S2 , i S3 , and i S4 . Fig. 4(b 
II. PROPOSED CONVERTER

A. Operation Principle
(1) 
When the output diode D o is turned on, the energy stored in L m is transferred to the output. A series-resonance between L lk and C c occurs. As the energy stored in L lk is fully discharged by the series-resonance, the output voltage V o at the secondary side is reflected to the primary side. The primary current i p flows as follows:
Z r is the impedance of the series-resonant circuit. ω r is the angular resonant frequency as follows: 
B. Converter Features
By the volt-second balance law on L m during T s , the following relation between V in and V c is obtained as follows:
From (6), the clamping capacitor voltage V c is obtained as follows: By the volt-second balance law on the secondary winding of T during T s , the following relation between V in and V o is obtained: At t = t 0 , to achieve ZVS of S 1 and S 4 , the energy stored in L m is larger than the energy stored in C s . The following condition should be satisfied to achieve ZVS of S 1 and S 4 :
. (9) At t = t 2 , to achieve ZVS of S 2 and S 3 , the energy stored in L m is larger than the energy stored in C s . The following condition should be satisfied to achieve ZVS of S 2 and S 3 :
. (10) At t = t 3 , to achieve ZCS of D o , the diode current i Do becomes zero before D o is turned off. The time interval from t 3 to t 4 should be ensured to achieve ZCS of D o . This time duration can be changed by the angular resonant frequency ω r . The critical condition is i p (T s ) = i Lm (T s ). Then, the angular resonant frequency must satisfy the following condition: as
where the critical angular resonant frequency ω rc = 2πf rc is 
where R o,min is the minimum output resistance. Fig.  6(a) shows the switch voltages V S1 and V S2 and switch currents i S1 and i S2 for a 1.0 kW output power. Fig. 6(b) shows the switch voltages V S3 and V S4 and switch currents i S3 and i S4 for a 1.0 kW output power. Switch currents are negative before the power switches are turned on. Switch currents flow through the body diodes of the power switches before the power switches are turned on. Thus, ZVS of power switches is achieved. Fig. 7 shows the simulation results of the proposed converter when V in is 350 V, V o is 450 V, and D is 0.6. Fig. 7(a) shows the switch voltages V S1 and V S2 and switch currents i S1 and i S2 for a 1.0 kW output power. Fig.  7(b) shows the switch voltages V S3 and V S4 and switch currents i S3 and i S4 for a 1.0 kW output power. As shown in Fig. 7 , ZVS of power switches is achieved. Moreover, the duty cycle of the converter can be extended to 0.6. The proposed converter operates with a wide duty cycle and reduced switching losses. Fig. 8 shows the simulated waveforms of the diode voltage V Do , diode current i Do , and primary current i p when V in is 350 V, V o is 200 V, and D is 0.4 for a 1.0 kW output power. For the series-resonance between L lk and C c , L lk = 7.0 μH and C c = 1.0 μF are selected. The resonant frequency f r (= ω r /2π) is decided as f r = 60.1 kHz. Before the output diode is turned off, the diode current becomes zero. ZCS of an output diode is achieved, which reduces the switching power losses of the converter.
IV. EXPERIMENTAL RESULTS A 1.0 kW prototype circuit has been developed to verify the operation principles and performance of the proposed converter. Table І shows the electrical specification of the proposed converter. Table ІІ shows the parameters of the power circuit components. Fig. 9(a) shows the switch voltages V S1 and V S2 and switch currents i S1 and i S2 for a 1.0 kW output power. Fig.  9(b) shows the switch voltages V S3 and V S4 and switch currents i S3 and i S4 for a 1.0 kW output power. ZVS of power switches is achieved, which reduces the switching losses at the primary side. Fig. 10 shows the experimental results of the proposed converter for an open-loop test. When D is 0.6, V o is 450 V for V in = 350 V. Fig. 10(a) shows the switch voltages V S1 and V S2 and switch currents i S1 and i S2 for a 1.0 kW output power. Fig.  10(b) shows the switch voltages V S3 and V S4 and switch currents i S3 and i S4 for a 1.0 kW output power. The proposed converter can operate when the duty cycle is over 0.5. Fig. 11 shows the experimental waveforms of the diode voltage V Do , diode current i Do , and primary current i p when V o is 200 V with D = 0.4 for a 1.0 kW output power. The resonant frequency f r is around f r = 60 kHz, which is above the switching frequency f r = 50 kHz. ZCS of output diode is also achieved, which reduces the switching power losses at the secondary side. Fig. 13 shows the measured power efficiency curves of the different power levels. The conventional two-switch flyback converter achieves the efficiency of 93.0 % for a 1.0 kW output power. On the contrary, the proposed converter realizes the efficiency of 94.5 % for a 1.0 kW output power. The proposed converter improves the converter efficiency by 1.5 %. The main factor for the efficiency improvement is the reduced switching losses. Given that the proposed converter is developed for high input voltage applications, the switching losses are more dominant than the conduction losses. The input voltage of the proposed converter is 350 V. For such a high input voltage, the switching losses are more significant than the conduction losses. This significance is because the average current of the switching devices is reduced as the input voltage of the converter is increased. The duty cycle range is also extended from 0 to 1 for the practical use of the proposed converter for a wide input voltage range.
V. CONCLUSION
This paper has proposed an actively clamped two-switch flyback converter. Operation principle and converter features of the proposed converter are described. The duty cycle range is extended by using an active-clamp circuit. ZVS of all power switches is achieved. ZCS of an output diode is also achieved. The proposed converter reduces switching power losses with an extended duty cycle range. Simulation verifications and experimental results are presented to verify the performance of the proposed converter. The proposed converter realizes the efficiency of 94.5 % for a 1.0 kW output power. This converter improves power efficiency by 1.5 % for a 1.0 kW output power compared with the conventional converter. The proposed converter is suitable for a high-efficiency isolated power supplies for a wide input voltage range.
